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Available online 19 October 2016AbstractAmounts of silty laminae in continental shale gas reservoir were investigated in the Zhangjiatan shale of the Yanchang Formation, Ordos
Basin. The purpose of this study is to provide awareness in terms of the nature and discrepancies in pore structure between silty laminae and
clayey laminae. By mechanically separating the silty laminae from the shale core, a combination measurement series of mercury injection
capillary pressure, N2 adsorption, and carbon dioxide adsorption were performed on the aforementioned two parts. An integrated pore size
distribution, with a pore diameter range of 0.1 nm-100 mm, was obtained by using appropriate sample particle size and calculation model. The
comparative analysis of the pore structure shows that the clayey laminae are dominated by mesopore and micropore; meanwhile, the silty
laminae are dominated by macropore alone. The pore volume distribution in clayey laminae is sorted as mesopore volume > micropore
volume > macropore volume, on the other hand, for silty laminae it is macropore volume > mesopore volume > micropore volume. The
averaged total pore volume of silty laminae is 2.02 cc/100 g, and for clayey laminae, it is 1.41 cc/100 g. The porosity of silty laminae is 5.40%,
which is greater than that of clayey laminae's 3.67%. Since silty laminae have larger pore width and pore space, they are more permeable and
porous than the clayey laminae; it also acts as a favorable conduit and reservoir for shale gas.
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Inspired by the uproar of shale gas in the USA, China has
dedicated itself to this field and has found out that shale gas
plays an important role in several formations and basins in the
recent years [1,2]. Many of the recoverable shale gas plays
found are in continental basins, such as the Jurassic lacustrine
shale formations in the Sichuan Basin and Triassic shale for-
mations in the Ordos Basin [3]. There are many Meso-
zoiceCenozoic continental basins in China that have
contributed to an important proportion of the petroleums AND Langfang Branch of Research Institute of Petroleum Exploration and Development, Petro-
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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basins can facilitate exploration for shale gas and make the
lacustrine shale gas important.
However, when it comes to evaluating a gas shale reservoir,
a number of factors must be considered. Understanding the
pore structure of the shale is a primary concern [4,5]. The pore
structure determines the ability of a shale formation to store
and transmit hydrocarbons. The pore structure is also closely
related to the proportion of adsorbed and free gas [6,7], as well
as the mechanical properties of the shale [8].
To understand the pore structure of shale better, laboratory
analyses of core samples were determined on a micro-
nenanometer scale; findings has proved to be useful and
fundamental [5]. According to previous studies on marine
shales, the dominant pore type varies in different shale gas
reservoirs, for example, the most common pore type in the
Barnett shale is the organic pore, whereas in the Haynesville
shale and Marcellus shale it is intergranular pores that were
developed in minerals [9]. The heterogeneity in the pore
structure of shales has been progressively comprehended as
research foregoes deeply [10]. It has been pointed out that the
characteristic of pore structure is different even within the
same shale formation [11]. It also seems that the pore volume
provided by mesopores and macropores basically dictates the
total pore volume for most of the discovered shale reservoirs
[12].
Due to the limitations of few accomplished studies, a clear
understanding of the pore structure of lacustrine shales is still
unclear. On one hand, the measurements and analysis methods
used in pore structure research for lacustrine shale are simple,
and quantitative characterization of pore structure for the
whole range of pore size are rare [13]. On the other hand, the
heterogeneity of shale formation, characterized by various li-
thologies including shale, mudstone, siltstone, and carbonates
[14] are rarely considered in current studies [15e17], thus, its
impact on pore structure of lacustrine shale is still unknown.
In this study, we focused on the Triassic shale formation
named the Zhangjiatan shale in the Yanchang Formation,
Ordos Basin. The shale gas in the area was proven to be in-
dustrial [18]. According to systemic lithology observations on
crops, cores, and thin sections, the shale layers have a variety
of silty laminae [19]; these silty laminae alternate with clay-
rich laminae. The total thickness can occupy at least ten
percent of the total shale formation thickness. Additionally,
Lei et al. [20] studied the petrophysical properties of the silty
laminae in detail and discovered that their composition and
particle size are very different from the clayey laminae. The
microscopy observations also revealed that there are larger
pores in the silty laminae than the clay-rich laminae. He
believed that the silty laminae in shale are good conduits and
storage space for hydrocarbons. This lithology heterogeneity
is mutual to many lacustrine shale formations around the
world [3,21].
We tested the clay and silty layers separately using a new
workflow that integrated a set of pore structure measurements.
The results suggest that the silty laminae generally develop
micron-sized pores that are much larger than those in theadjacent shales, and it provides more space for free gas
accumulation.
2. Samples2.1. Geologic background of samplesThe Ordos Basin is located in the western part of the North
China Platform, and it's one of the most important
hydrocarbon-bearing basins [22]. It is a typical continental
basin that developed on the Mesozoic Cratonic basement. The
basin margins are defined by fault belts and are internally
stable with a simple structure (Fig. 1). The study area is in the
southeast of the Yishan Ramp and is 6000 km2 from where the
formation slopes gently.
In the early Late Triassic, a basin-wide lake was developed
due to the uplift of the crust around the Ordos Basin. It was
then infilled by fluvial-lacustrine sediments that had oil and
gas from the Yanchang Formation [26]; it became the most
important exploration target [23]. There are 10 members in the
Yanchang Formation according to the basin evolution and
sedimentary sequences, they are named from Chang 1 to
Chang 10. The Zhangjiatan shale of the lower Chang 7
member was deposited when the lake reached its optimum
area of 5.5  104 km2 and depth of 60 m [24]. It is typical of
sublittoral to profundal lacustrine facies [27].
The Zhangjiatan shale is primarily black shale interbedded
with siltstone and fine-grained sandstone; the thickness of a
single silty interlayer is more or less than 1 cm, but their cu-
mulative thickness can comprise 17% of the whole shale in-
terval's thickness [19]. It is rich in organic matter (6%e14%)
with corresponding appropriate types (IeII1) and thermal
maturity (RO ¼ 0.7%e1.1%) for hydrocarbon generation. It
was considered the main source rock for the Mesozoic for-
mation in the southern region of the basin, and the controlling
factor for hydrocarbon accumulation and distribution [23]. It
also has favorable conditions for shale gas formation and
accumulation [27], and it's now a new target for shale gas
exploration, hence, more than 30 shale gas wells had been
drilled by the end of 2013 [20].2.2. Sample preparationCore samples used in this study are from the thick pro-
fundal shale intervals (over 60 m) in the northwest (Fig. 1), it
is where the paleowater depth of the lake is at its maximum.
The depth of the core samples ranges from 1419 to 1727 m
(Fig. 1).
A typical core sample is presented in Fig. 2a. Multiple
layers of silty laminae alternate with the dark clay-rich
laminae. The thickness of the silty laminae ranges from
1 cm to tens of micrometers, which can be seen under an
optical microscope (Fig. 2b). The morphology of the laminae
is characterized as even and wavy with good continuity. The
silty laminae consist of quartz and feldspar that averaged of
30 mm (Fig. 2c); micron-sized pores can also be observed a
under microscope. There are fewer silt-sized particles in clay-
Fig. 1. Structural setting of the target shale formation; location of samples (As revised by Bai et al. [23], Chen et al. [24], and Liu et al. [25]).
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(Fig. 2d).
The shale composition is important to the pore structure
[7]. Pore structure analyses were performed separately for the
silty and clayey laminae. The couplets were broken up me-
chanically because the shear strength at an interface is weak
and slippage often occurs [28]. In separating lithologies, the
following was concluded: (1) choose silty laminae with rela-
tively great thickness (at least 0.5 cm), (2) whack the core
along the radial direction of the interface, and (3) collect the
chips and polish the surface of the silty laminae with an
abrasive paper to remove any residual mud.
The separated core chips were further prepared by crushing
and screening, but some of them were reserved for microscopy
observations and porosity measurements. Using the informa-
tion from previous studies regarding the influence of particle
sizes on the pore structure measurement results [6,29], the
samples were crushed at mesh sizes of 20 and 35 (830 mm and
425 mm) to facilitate the accessibility of fluids while keeping
the original internal structure of the sample [30,31]. Oil was
then extracted for 240 h using the DeaneStark solvent before
vacuum drying at 100 C for 24 h to eliminate the free water.3. Methodology3.1. Focused ion beam milling and field emission
scanning electron microscopyPore characteristics were observed using SEM microscopy.
The instrument used in the analysis was a Hitachi cold-field
emission SEM, which is equipped with low and high sec-
ondary electron probes and X-ray spectrometer (EDAX).
Samples were first placed into a GATAN 691.CS to mill a
region of interest using a focused beam of argon ions. The
observation precision can reach nanometer scale without gold
or carbon coating on the surface of the samples using an ac-
celeration voltage of 5 and 15 kV.3.2. Pore structure experiments' analysesThe pore size of shale may range from a dozen micrometers
to a few nanometers, thus, a single method cannot analyze the
pore structure alone [32,33]. Therefore, a combination of low-
pressure carbon dioxide adsorption, nitrogen adsorption, and
mercury injection was used to examine the pore structure of
Fig. 2. Study sample No. 1, the silty laminae in shale are observed on a freshly cut core surface. (a) Under a polarized light microscope; (b) The composition and
structure of silty laminae; (c) Clayey laminae; (d) The difference of silty and clayey samples in terms of particle size, mineral composition, arrangement pattern, etc.
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adsorption methods can only provide pore distributions in the
narrow range of 0.35e300 nm [34], while the CO2 adsorption
is mainly used for measurements of micropores (pores with
pore size <2 nm) [32] and the N2 adsorption for mesopores
(pores with pore size ranging from 2 to 50 nm), as well as
macropores with pore size less than 100 nm [33]. However,
pore structure data from mercury injection can cover a larger
range of pore size distribution (3.6 nm-100 mm) [33].
Considering the possible alteration of pore structure under
high injection pressure induced by pore collapse and
compression [32], pore size distribution data interpreted from
mercury injection are unreliable for micropores and mesopores
[34]. It is recommended that the pore structure data obtained
from mercury injection should be adopted as a complement for
the result of the gas adsorption measurements, hence,
providing information for pores with a pore size larger than
100 nm [32,22].Fig. 3. The optimum pore structure measurements as well as corresponding calcu
together with the reliable data ranges that are marked by red lines separately withIn this paper, N2 adsorption was conducted using the
Micromeritics ASAP 2020 together with a theoretical pore
size testing interval of 0.35e500 nm and pore volume detec-
tion precision of 0.0001 cc. Nitrogen isotherms were measured
to be 77.3 K after 10 g of ground sample was degassed at
100 C for 8 h. The carbon dioxide adsorption was performed
to probe micropores as fine as 0.3 nm using a Quantachrome
NOVA 4200e with an accuracy of ±0.1%. The carbon dioxide
adsorption was at 273.0 K, it was conducted using the same
sample after it was degassed for 12 h at 70 C. The mercury
injection capillary pressure was measured using a Quantach-
rome PoreMasterGT 60 with a pore size test range of
3.6 nme950 mm and an accuracy of ±1%. The coupled helium
pycnometer (skeletal density) was tested using a Quantach-
rome Ultrapycnometer 1000 with an accuracy of 0.003%.
In this study, the DFT and BJH model [35] were used to
explain the adsorption data. A Conformance-Corrected Model
proposed by Comisky et al. [29] was used to determine thelation models. (Available pore size testing intervals of various measurements
its corresponding calculation methods).
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caused by the interparticle pore volume of sample particles
and the irregularity of sample surfaces reduced. Using the
optimum scheme presented in Fig. 3, the pore size distribution
(PSD) curves obtained from different methods were generally
alike in areas where the data overlap, thus, it can be connected
to form one integrated PSD curve.3.3. Total porosityThe total porosity of the parallel bulk samples was also
measured. The bulk density was calculated by means of
kerosene immersion method, and the particle density was
tested through a helium pycnometer, specifically a Quan-
tachrome Ultrapycnometer 1000 at a pressure of 20 psi. The
total porosity is calculated based on the bulk and particle
densities.
4. Results and discussion4.1. Pore type and characteristicsAccording to Loucks' classification of pore types in shale
[36], the SEM observation results on ion-milled samples,
intergranular pores, intragranular pores, and organic pores that
developed in both the clayey and silty laminae are quite
similar. However, the dominant pore type and the main pore
size range measured under SEM vary significantly (Figs. 4
and 5, and Table 1).
Intergranular pores and intragranular pores that developed
in clay minerals are the most common in the clayey laminae
that are slit-shaped and are paralleled to the bedding (Fig. 4a).
The near equiaxed-shaped pores, it can also be observed in
areas where quartz and feldspar are abundant (Fig. 4b) and at
pressure shadows adjacent to rigid particles (Fig. 4c). Pores
with this kind of shape always have larger pore size but they
are less common to be seen in the clay laminae compared to
the slit-shaped ones. Organic pores are also abundant in the
clay laminae, but they are mainly developed in organic mattersFig. 4. SEM images of different pore types in the clayey laminae. (a) intergranula
minerals; (b) near equiaxed-shaped intergranular pores; (c) intergranular pores dev
interbedded with clay minerals (d) or filled in pores between pyrite crystals (e) orthat are interbedded with clay minerals (Fig. 4d) or filled in
pores between pyrite crystals (Fig. 4e) or dispersed in a matrix
(Fig. 4f). It is also observed that the development of organic
pores is heterogeneous, which can be witnessed even in the
same view (Fig. 4d). In addition, pores inside fossil fabrics
(Fig. 4g), intragranular pores of pyrite framboids (Fig. 4e), and
intragranular and intergranular pores formed by dissolution
(Fig. 4h) can also be perceived in the clayey laminae.
In the silty laminae, the dominant pore type is interparticle
(intercrystal) pores. The residual interparticle pores developed
between the detrital fabrics, it is not filled by minerals and it
has larger pore size compared to those that was developed
within pore-filling minerals like clay aggregates (Fig. 5a). The
pore size of the slit-shaped interparticle pores between clay
fabrics in the silty laminae varies. As shown in Fig. 5b where
the black arrow is pointing, the pore size is comparable with
that of the same type of pore developed in the clay mineral of
the clayey laminae. However, the pores in Fig. 5b, where the
white arrow is pointing, it can be observed that the pore size is
larger. Authigenic clay minerals that occur in pores may also
develop interparticle pores with a larger pore size, especially
when the clay flocs formed (Fig. 5c). It seems that the coarse-
grained rigid particles are more likely to protect the pores
within clay minerals from compaction in the silty laminae
compared to those dispersed in the clayey laminae. Besides
clay minerals, abundant microcrystalline quartz occurs in the
interparticle pores as cement in the silty laminae. The near
equiaxed-shaped small pores also develop between the crystal
particles (Fig. 5d). Furthermore, interparticle and intraparticle
pores formed by dissolution are commonly observed within
feldspar and quartz grains (Fig. 5e), and the former pore type
always has a larger pore size in comparison to the latter one.
There are also a small number of organic pores in the silty
laminae, having similar development characteristic with those
in the clayey laminae (Fig. 5f).
The pore size of the different types of pores in the silty
laminae and clayey laminae was measured using SEM images;
the pore size range and dominant pore size range are shown in
Table 1. The results show that majority of the pores in ther pores (white arrow) and intragranular pores (black arrow) developed in clay
eloped in pressure shadows of rigid particles; pores in organic matters that are
dispersed in a matrix (f); (g) pores inside fossil fabrics; (h) dissolution pores.
Fig. 5. SEM images of different pore types in the silty laminae. (a) residual interparticle pores; (b) slit-shaped interparticle pores between clay fabrics; near
equiaxed-shaped pores developed in clay flocs (c) and crystal particles (d); (e) dissolution pores; (f) organic matter-hosted pores.
Table 1
Pore type and pore-size distribution obtained from image analysis observed of the clayey laminae and silty laminae under SEM.
Lithology Pore type Characteristics Pore size range Dominant pore size range Image
Clayey
laminae
Interparticle
(intercrystal)pore
Mainly developed between layered
clay fabrics, slit-shape; near equiaxed-shaped
intergranular pores and dissolution pores
developed where rigid particles are abundant.
5e95 nm Slit-shaped pores: 20e40 nm;
near equiaxed-shaped pores:
60e80 nm
Fig. 4aec,
e and h
Intraparticle
(intracrystal) pore
Mainly slit-shaped pores developed within clay
mineral grains; others occur in pyrite framboids,
fossil grains and soluble minerals.
5e105 nm Intraparticle pores within
clay minerals: 5e10 nm; others:
60e80 nm
Fig. 4e and g
Organic pore Displaying aggregated and heterogeneous
distribution,
mainly bubble-shaped and angular-shaped.
5e110 nm 10-20 nm Fig. 4def
Silty
laminae
Interparticle
(intercrystal)pore
Developed between quartz, feldspar and other
detrital grains, and also developed between
pore-filling minerals like clay minerals and
microcrystalline quartz. Some of them
are enlarged by dissolution.
5 nme12 mm Slit-shaped pores between
detrital clay minerals: 20e40,60e80 nm;
Slit-shaped and near equiaxed-shaped
pores between authigenic clay minerals:
100e200 nm; pores between
microcrystalline quartz: 100e200 nm;
residual interparticle pores: 1e2 mm;
dissolution pores: 8e10 mm
Fig. 5aed
Intraparticle
(intracrystal) pore
Mainly developed within clay mineral fabrics
and soluble mineral grains like feldspar and quartz.
5 nme4 mm Pores within clay minerals: 5e10 nm;
dissolution pores: 200e300 nm
Fig. 5e
Organic pore Similar to those in the clayey laminae
but developed in a small amount.
5e80 nm 10e20 nm Fig. 5f
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pore size of intraparticle pores of clay minerals and organic
pores is relatively small, mainly less than 20 nm; and the near
equiaxed-shaped intergranular pores are much larger, the pore
size of which is mainly larger than 50 nm. In comparison to
the clayey laminae, the silty laminae have more near equiaxed-
shaped pores with larger pore size and less organic pores and
clay mineral-hosted intraparticle pores. Macropores with a
pore size larger than 100 nm are mainly interparticle (inter-
crystal) pores and dissolution pores. The residual interparticle
pores between coarse detrital grains and the interparticle pores
reformed by dissolution have a pore size larger than 1 mm.4.2. Pore structure characteristicsThe integrated PSD curves from all of the samples are
shown in Fig. 6. The main pore structure parameters including
micropore volume, mesopore volume, macropore volume,
total pore volume, total surface area, and total porosity of each
sample pair are listed in Table 2.
The PSD curves of the shale pair have a bimodal distri-
bution. One mode is detected at 0.4e0.6 nm and the second
mode at around 3e30 nm. There are no modes for pores with a
pore size greater than 100 nm. The curves are sharp at less
than 1 nm and have a platform tilted shape towards larger
Fig. 6. Pore size distribution results of clayey laminae and silty laminae.
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the silt pair, the PSD curves have a multimodal distribution,
and at least three major modes are observed. The first mode is
detected around 10 mm and a second mode around 1 mm. The
modes for pores with pore size below 100 nm are similar in
shape but with those of its corresponding shale pair (except
sample No. 1 and No. 2), however, the peak height is much
lower than those of the shale pair, especially for pores with
pore size below 1 nm (except sample No. 6).
The pore structure measurement results are generally in
agreement with those obtained from the microscopy analyses.
The mode of the mesopore with pore size ranging from 2 to
50 nm corresponds to the intergranular and intragranular pores
of clay minerals, which are more abundant in the clayey
laminae than those in the silty laminae. The pore sizeTable 2
Pore structure characteristics of the sample pair.
Sample No. Depth/m Lithology Micropore
volume/
(cc/100 g)
Mesopore
volume/
(cc/100 g)
Macropore
volume/
(cc/100 g)
Total pore
volume/
(cc/100 g)
S
su
ar
1 1470 clayey 0.29 0.61 0.17 1.07 13
silty 0.03 0.42 1.44 1.89 4.
2 1419 clayey 0.30 0.89 0.14 1.33 17
silty 0.03 0.86 1.56 2.46 8.
3 1528 clayey 0.17 0.76 0.22 1.15 14
silty 0.07 0.53 0.97 1.56 8.
4 1727 clayey 0.29 1.53 0.38 2.20 23
silty 0.12 0.63 1.37 2.12 9.
5 1718 clayey 0.09 0.74 0.18 1.01 11
silty 0.03 0.31 0.88 1.22 4.
6 1630 clayey 0.33 1.11 0.24 1.68 19
silty 0.30 1.01 1.54 2.85 12distribution curves of the clayey laminae in the pore size range
that are larger than 50 nm are mainly determined by the
development of near equiaxed-shaped interparticle pores be-
tween clays and detrital grains, and it is evident that the larger
the pore size is, the less pore develops. The silty laminae's
modes are around 60e80 nm (sample No. 1 and No. 2), and
100e200 nm (sample No. 3eNo. 6) corresponds to inter-
granular pores of pore-filling clay minerals that are preserved
from strong compaction and intercrystal pores of quartz
cement. The modes between 1 and 10 mm correspond to the
residual interparticle pores and dissolved interparticle pores,
respectively. Macropores with a pore size larger than 50 nm
dominate the pore structure of the silty laminae. Though pores
with a pore size less than 2 nm are unable to be observed under
SEM, these micropores are very likely to be controlled by thepecific
rface
ea/(m2/g)
Median
pore
size/nm
Measured
porosity/%
Grain
density/(g/cc)
SA/V/(m2/cc) Estimated
permeability/md
.90 7.3 2.58 2.59 0.13 2.88E-05
91 800 4.68 2.77 0.03 9.96E-01
.13 6.9 3.54 2.59 0.13 2.54E-05
92 68 6.16 2.81 0.04 4.13E-03
.19 10.1 3.36 2.75 0.12 5.94E-05
24 97 4.22 2.8 0.05 9.11E-03
.17 10.5 5.14 2.69 0.11 6.47E-05
79 159 5.94 2.8 0.05 2.74E-02
.54 10.5 2.92 2.68 0.11 6.47E-05
06 380 3.52 2.7 0.03 1.90E-01
.59 8.5 4.48 2.7 0.12 4.05E-05
.06 78 7.88 2.75 0.04 5.61E-03
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clay minerals according to previous research results [7]. Since
the clayey laminae have a larger organic matter and clay
minerals content than the silty laminae, there are more pores
that are related to organic matter and clay minerals in the
clayey laminae, not to mention, the modes of micropores of
the clayey laminae are higher than that of the silty pair.
According to the pore volume distribution, the shale pair is
characterized by a unimodal distribution with a peak in the
pore diameter that ranges 2e50 nm. The silt pair is typically a
bimodal distribution with a peak in the pore diameter interval
ranging from 2 to 50 nm, and another from 1 to 10 mm (except
sample No. 2 from 100 nm to 1 mm).
The micropore volume of the shale pair is between 0.09 and
0.33 cc/100 g with an average of 0.25 cc/100 g. The mesopore
volume is between 0.61 and 1.53 cc/100 g with an average of
0.94 cc/100 g. The macropore volume is between 0.14 and
0.38 cc/100 g with an average of 0.22 cc/100 g. The total pore
volume is between 1.01 and 2.20 cc/100 g with an average of
1.41 cc/100 g. The micropore volume of silt pair is between
0.03 and 0.30 cc/100 g with an average of 0.10 cc/100 g. The
mesopore volume is between 0.31 and 1.01 cc/100 g with an
average of 0.63 cc/100 g. The macropore volume is between
0.88 and 1.56 cc/100 g with an average of 1.29 cc/100 g. The
total pore volume is between 1.22 and 2.85 cc/100 g with an
average of 2.02 cc/100 g. Using the total pore volume and the
skeleton density of the sample, the porosity was calculated and
is shown in Table 1. The porosity of the shale pair is between
2.63% and 5.57% with an average of 3.61%, and that of silt
pair is between 3.20% and 7.75% with an average of 5.28%.
According to the measurement results shown in Fig. 5, the
pore size distribution of the clayey laminae and silty laminae
are significantly different because different types of pores
correspond to different pore diameter ranges [9]. The modes in
Fig. 5 can be correlated with pore types observed under SEM.
The mode between the pore diameters 2e100 nm is mainly
interparticle and intraparticle pores of clays and micas in a
shale matrix and between silt grains. The mode between pore
diameters ranging from 100 nm to 1 mm is mainly intergran-
ular pores in silt pairs, and the mode for pore diameters
ranging from 1 to 15 mm is poorly filled intergranular pores
and dissolved pores between silt grains or unfilled fractures in
silt pairs. The mode for pore diameters less than 2 nm is not
observed in this study and is limited by the resolution of SEM
observations. Another study suggests that the mode is micro-
pores in organic matter [7]. Considering the different domi-
nant pore types developed in clayey laminae and silty laminae,
it is reasonable that the number of micropores and mesopores
are larger in shale pairs and the number of macropores is
larger in silt pairs.
According to the measurement results (Table 2), the pore
volume distribution of the clayey laminae and silty laminae
are significantly different. The average pore volumes of the
micropore, mesopore, and macropore for the clayey laminae
are 0.25, 0.94, and 0.22 cm3/100 g, respectively, and those for
the silty laminae are 0.1, 0.63, and 1.29 cm3/100 g, corre-
spondingly. Generally speaking, the clayey laminae aredominated by mesopores whose volume can occupy 66% of
the total pore volume compared to that of micropores (18%)
and macropores (16%). A large number of micropores exist in
the clayey laminae, but they have a small total volume.
However, the silty laminae are dominated by macropores
whose volume can occupy 65% of the total pore volume
compared to that of micropores (4%) and mesopores (30%).
Pore volumes with pore diameters greater than 1 mm can
occupy half of the total macropore volume, whereas pores
with micron-scale diameters occupy much less than those with
nanoscale diameters.
Comparative analyses of pore volume distributions of the
silt pair and shale pair of a single sample suggest that the
micropore volume and mesopore volume of the shale pair are
larger than those of the silt pair. Specifically, the micropore
volume of a shale pair is 3.6 times larger than that of silt pair,
the mesopore volume of shale pair is 0.5 times larger than that
of silt pair. However, the macropore volume of the shale pair is
much smaller than that of silt pair, and the macropore volume
of silt pair is 4.9 times larger than that of shale pair. The total
pore volume of silt pair (2.02 cm3/g in average) is generally
larger than that of shale pair (1.41 cm3/g in average). The total
pore volume of silt pair is 0.4 times larger than that of shale
pair. The averaged porosity of the clayey laminae is 3.67% and
that of the silty laminae is 5.40%. The measured porosity of
silt pair is 0.2e0.8 times larger than that of the shale pair.
The parameter of median pore size, the pore size corresponds
to half of the total pore volume, is closely related to the perme-
ability of the sample. Themedian pore size of the clayey laminae
is around 10 nm and that of the silty laminae is about 100e800
nm (Table 2). The median pore size of the silt pair is one to two
orders of magnitude larger than that of the shale pair. The
permeability of the shale pair and silt pare was calculated
based on themedian pore size using themethod proposed byGao
et al. [37] (Table 2). The results show that the estimated
permeability of the clayey laminae has a narrow range
(25.07  109e63.86  109 mm2) with an averaged value of
46.68  109 mm2. The estimated permeability of the silty
laminae ranges from4.08 106 to 0.983 103mm2 and is two
to four orders of magnitude larger than that of its shale pair.
The ratio of the total surface area to total pore volume (SA/
V) can also reflect the fluid flow capacity of the sample [38].
The larger the ratio is, the lower the permeability is. Ac-
cording to the results shown in Table 2, the total surface area
of the clayey laminae is averaged at 16.59 m2/g and that of the
silty laminae is 7.99 m2/g; the value of SA/V of the clayey
laminae is averaged at 0.12 m2/cm3, and that of the silty
laminae is much lower with an average value of 0.44 m2/cm3.
The estimated permeability and the SA/V ratio suggest that the
silty laminae have better permeable conditions than the clayey
laminae.
According to the analysis results above, the mesopore and
macropore are dominant in both in the clayey and silty
laminae, which are mainly pores between and within mineral
fabrics; the micropore provided by organic matter can only
occupy a little part of the whole storage space. The silty
laminae have larger pores and larger pore volume compared to
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than the clayey laminae in the shale reservoir.4.3. Shale gas evaluation implicationsComparative studies on the pore structure of clayey and silty
laminae suggest there are more space and larger pore widths in
silty laminae compared to the adjacent clayey laminae. The silty
laminae are more favorable places for gas accumulation and
fluid flow. It is necessary to take in the differences in pore
structure between the silty and clayey laminae into account in
the shale gas evaluation. Suppose that the cumulative thickness
of the silty laminae occupies 17% of the whole shale interval
[19], compared to the homogenous shale reservoir assumption,
the averaged porosity can increase by 10% and the permeability
can increase by at least three orders of magnitude. It is
reasonable to assume that the storage capacity and fluid flow
ability of the shale reservoir are influenced by the content of the
silty laminae. This assumption is supported by additional studies
on silty laminae in non-fractured marine shales.
For example, in the early stages of shale gas exploration in
the North America, people have noticed that gas shows and
production are concentrated in the shale layers containing
thick silt laminations and siltstones, whereas gas shows are
less abundant in shale units that have the highest TOC [39].
Broadhead et al. [39] proposed that silty laminae with an
average thickness of 0.3 mm in mudstones likely act as
permeable conduits and reservoirs for gas.
Additionally, the development of silty laminae influences
the occurrence of shale gas. According to the present under-
standing of the shale gas mechanism [6], the adsorbed gas is
stored mainly in micropores and the free gas is mainly stored
in mesopores and macropores. When considering the ratio of
silty laminae in the shale reservoir (supposing 17% of the
whole shale interval), the proportion of micropore volume in
the total pore volume can decrease by 15%, which will in-
crease the proportion of free gas and decrease the proportion
of adsorbed gas. The change of gas occurrence stage and its
proportion will have an important impact on the development
design of shale gas.
5. Conclusions
A combination of mercury injection capillary pressure, N2
adsorption, and carbon dioxide adsorption is suitable to
quantitatively characterize the pore structure of silty and
clayey laminae. An appropriate sample particle size and a
series of calculation models were used to obtain integrated
pore size distributions for a pore diameter that ranges from
0.1 nm to 100 mm.
The pore structure analyses show that the silty laminae
developed in the Zhangjiantan shale of the Yanchang Forma-
tion, Ordos Basin have significant differences in pore size and
pore volume compared to the adjacent clayey laminae. The
silty laminae are chiefly comprised of macropores that
developed between the detrital grains that were eventually
followed by mesopores; the volume of micropores tend to bethe least, while the clayey laminae are dominated by meso-
pores that are related to clay minerals, followed by micropores
with the least volume of macropores. The porosity of silty
laminae, with an average of 5.40%, is 0.2e0.8 times larger
than that of the clayey laminae (3.67% on average). The
median pore size of the silty laminae is 1e2 orders of
magnitude larger than that of the clayey laminae.
On the one hand, the silty laminae in the Zhangjiatan shale
are more favorable for gas accumulation and fluid flow
because of the larger pore spaces and pore widths; on the other
hand, the development of silty laminae can lead to an increase
in the free gas proportion, which should be considered during
shale gas evaluation.
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